Herbivores and omnivores consume significant amounts of benzoic acid, which occurs naturally in plant material, especially fruits and berries; it also finds its way into the human diet because of its widespread use as a food preservative. The major pathway of benzoate metabolism in most mammals is that of conjugation with glycine, yielding hippurate (for review, see Williams, 1971) , and this involves formation of benzoyl-CoA, which is the co-substrate with glycine for acyl-CoA-glycine N-acyltransferase (EC 2.3.1.13) (Chantrenne, 1951; Schachter & Taggart, 1954) . Humans excrete up to Ig of hippurate daily.
The specificity of ox liver glycine N-acyltransferase for acyl-CoA is quite broad: Bartlett & Gompertz (1974) have studied the reaction of CoA esters of several carboxylic acids that are excreted in the urine of patients with some inborn errors of amino acid metabolism; Webster and his associates (Killenberg et al., 1971; Forman et al., 1971) have concluded that separate enzymes catalyse the formation of benzoylCoA and salicyl-CoA in ox liver, but that the thioesters are substrates for a common glycine N-acyltransferase. Schachter & Taggart (1954) and Bartlett & Gompertz (1974) found that glycine N-acyltransferase is * To whom reprint requests should be addressed. Vol. 166 associated with the mitochondrial fraction of ox liver. Gatley & Sherratt (1976) concluded that formation of hippurate probably occurs in the matrix compartment of rat liver mitochondria; synthesis of benzoyl-CoA from exogenous CoA was greatly increased by sonication, and mitochondria whose outer membrane had been removed by treatment with digitonin could synthesize hippurate. It was also shown that mitochondria concentrated benzoate from the suspending medium, and at equilibrium glycine was present in the matrix compartment at the same concentration as in the bulk phase (Gatley & Sherratt, 1976) . We now report a more extensive investigation of the properties and submitochondrial localization of hippurate synthesis.
Materials and Methods

Materials
Benzoyl-CoA, CoA and ATP were from P-L Biochemicals (Milwaukee, WI, U.S.A. Glycine N-acyltransferase was prepared from ox liver essentially as described by Bartlett & Gompertz (1974) and had a specific activity of 3.5units/mg of protein. Other enzymes were from Boehringer Mannheim Corp., New York, NY, U.S.A.
Methods
Preparation of mitochondria. Liver mitochondria were prepared from male Sprague-Dawley rats (200-225g) by the method ofJohnson & Lardy (1967) . The isolation medium contained 250mM-sucrose, 5mM-Hepes* and 0.1mM-EGTA at pH7.6. Protein was measured by the procedure of Gornall et al. (1949) after lysis of mitochondria with an equal volume of 10% (v/v) Triton X-100.
Analytical methods. PI from ATP hydrolysis was determined as described by Sumner (1944) , and the procedure of Parvin & Smith (1969) (Chance & Williams, 1957) . CoA plus acetyl-CoA was determined by the catalytic assay of Michal & Bergmeyer (1974) . Short-chain acyl-CoA was measured by addition of 0.1 unit of carnitine acetyltransferase (EC 2.3.1.7) plus 1 mM-L-carnitine to a cuvette containing sample, 0.1 M-Tris/HCI, pH 8.0, and 0.5mM-5,5'-dithiobis-(2-nitrobenzoic acid), and measuring the increase in A412. This was assumed to be mainly due to acetyl-CoA. Benzoyl-CoA was determined by subsequent addition to the same cuvette of 20mM-glycine plus 0.1 unit of glycine N-acyltransferase.
Measurement of synthesis of hippurate. A 10,l portion of an incubation sample that had been deproteinized with 0.05ml of 1.5M-HCIO4, and which originally contained 0.2,uCi of [carboxy-14C]benzoic acid in0.2ml, was spotted on Whatman 3M paper (W. and R. Balston, London, U.K.). Afterdrying, thespots werecoveredwith 10,u of50 mM-potassiumhippurate. Ascending chromatograms were run in formic acidsaturated toluene to a height of 18cm and allowed to dry overnight. Benzoic acid moves very near the solvent front in this system. Hippuric acid spots (which barely moved from the origin) were located under u.v. light and cut out. They were counted for radioactivity at 63 % efficiency in 5ml of toluene containing 4g of diphenyloxazole/litre and 0.2g of 1,4-bis-(5-phenyloxazol-2-yl)benzene/litre. This assay also detects some [carboxy-14C] benzoyl-CoA (RF = 0); however, since in the presence of glycine the mitochondrial content of benzoyl-CoA is low (Table 5) , the resulting overestimate is not large. At the 5min * Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid.
time-point in Fig. 1 , it was less than 2 %. There was good agreement between this technique, the chromatographic system used by Gatley & Sherratt (1976) , and determination with ninhydrin of glycine released by acid hydrolysis of dried ethereal extracts (Chantrenne, 1951) .
Results
Mitochondrial synthesis ofhippurate
Hippurate synthesis from glycine plus benzoate by intact rat liver mitochondria can be supported by exogenous ATP or by an oxidizable substrate such as glutamate (Fig. 1) Even in the presence of exogenous ADP, which is transported into the matrix in exchange for ATP (Pfaff et al., 1965) and is thus expected to lower greatly the mitochondrial concentration of the latter, hippurate was formed at about one-half the control rate. The high activity ofadenylate kinase (EC 2.7.4.3) in the intermembrane space of rat liver mitochondria makes interpretation of this observation difficult. The apparent equilibration constant for the adenylate kinase reaction is about 0.8, so that at equilibrium slightly less than one-third of the added adenine nucleotide (1 pimol) will be present as ATP. Schnaitman & Greenawalt (1968) give the activity of adenylate kinase as 300nmol/min per mg of protein, so that the reaction should approach equilibrium after about 10min. Since exogenous ADP is actively concentrated in the matrix relative to ATP (see Klingenberg, 1970) , it can be concluded that the affinity of benzoyl-CoA synthetase for ATP must be (Fig. 2) . These observations are discussed below.
Comparison of hippurate synthesis and citrulline synthesis It was decided to compare hippurate synthesis with that of citrulline, which also takes place in the mitochondrial matrix (Charles et al., 1967) . However, 1 mol of citrulline is synthesized at the expense of 2mol of ATP hydrolysed to ADP, whereas hippurate synthesis results in formation of 1 mol of AMP. The major difference apparent is that 2,4-dinitrophenol stimulates citrulline synthesis supported by ATP plus oligomycin, but inhibits hippurate formation (Table  2) . Graafmans et al. (1968) , who first recorded this effect of an uncoupler on citrulline synthesis, suggested that stimulation resulted from facilitation of transport across the inner membrane of ATP (for discussion, see Klingenberg, 1970) , for which the synthesis of citrulline had a relatively low affinity.
Whereas 
Activities ofenzymes involved in hippurate synthesis
In agreement with the results of Gatley & Sherratt (1976) , mitochondrial benzoyl-CoA synthetase activity was greatly increased by sonication. A value of 11.4nmol/min per mg of protein for sonicated mitochondria incubated at pH 8, compared with 0.8 nmol/ min per mg of protein for intact mitochondria at pH7.6. These values are reported for completeness, and because Sprague-Dawley rather than Wistar rats were used in the present study.
Glycine N-acyltransferase and a benzoyl-CoA hydrolase activity were also increased by disruption of the mitochondria (Tables 3 and 4) . The activity of glycine N-acyltransferase was several times that of benzoyl-CoA synthetase. Carnitine was without effect on the rate of glycine-dependent benzoyl-CoA disappearance, showing that this thioester is not a substrate for any carnitine acyltransferase. Table 3 shows that although freeze-thawing makes mitochondrial glycine N-acyltransferase accessible to exogenous benzoyl-CoA, it does not release all the enzyme, since when the broken mitochondria were sedimented by centrifugation less than 10% of the activity remained in the supernatant, compared with over one-half of the total protein.
Mitochondrial content of benzoyl-CoA
Benzoate acylated much of the mitochondrial CoA (Table 5) ; the extent of benzoylation was much lower (about 30 %) when glycine was also present. Glycine alone caused a small increase in free CoA. Slightly more benzoyl-CoA was formed when mitochondria were energized with ATP plus oligomycin Fig. 1 , except that the protein concentration was 5mg/ml and that 2.5mm-K3PO4 was present. The medium and conditions for measurement of citrulline synthesis were identical except that benzoate and glycine were replaced by lOmM-L-ornithine, 10mi-NH4Cl and lOmM-KHCO3, and the final volume was 1 ml in standard scintillation vials previously equilibrated with 02/CO2 (19:1). Rates were calculated from duplicate 2 min and 4min time points for citrulline synthesis and duplicate 3min and 6min points for hippurate synthesis. Vol. 166 Table 4 . Hydrolysis ofbenzoyl-CoA byfreeze-thawedandby Triton-treated mitochondria Benzoyl-CoA hydrolysis was assayed by recording the decrease in A280 (Schachter & Taggart, 1954) . Mitochondria (30mg of protein/ml) were treated with 1% Triton X-100 (v/v, final concn.) or by freeze-thawing five times after addition to an equal volume of either isolation medium (iso-osmotic) or water (hypo-osmotic). Freeze-thawed mitochondria were centrifuged for 4min in an Eppendorf 3200 centrifuge. The supernatants were slightly turbid. Assays were done in 1 ml of 120mM-KCI/lOmM-Hepes, pH7.6, with 24juM-benzoyl-CoA and SmM-glycine; 0.6mg of protein was used for Triton-treated mitochondria and 0.15mg of protein for freeze-thawed mitochondria. Rates are corrected for the rates of decrease of A280 in the absence of glycine. (Fig. 1) . There was, however, about one-half this rate of hydrolysis in the absence of glycine; this was presumably due to simultaneous operation of benzoyl-CoA hydrolase (Table 3) and benzoyl-CoA synthetase.
02 uptake owing to hippurate synthesis was also measured (Fig. 3) Table 6 . ATP hydrolysis by intact rat liver mitochondria in the presence ofglycine and benzoate Mitochondria were incubated with 5mM-ATP plus lOjug of oligomycin/ml as described in the legend to Fig. 1, except and benzoate Mitochondria (3mg of protein/ml) were incubated at 30°C in 3.8ml of the medium described in the legend to Fig. 1 ; 2.5nM-K3P04 was also present. Additions of 10mM-glutamate, 0.25 mM-benzoate (BzO-) and 5mM-glycine were made as indicated. HC03-, provided that the medium also contained Pi (Fig. 4) . This confirms the conclusion of Bottger et al. (1969) that pyruvate carboxylase (EC 6.4.1.1) is located in the matrix compartment, where ADP produced by the enzyme can be rephosphorylated at the expense of respiration. That benzoate inhibited this extra consumption of 02 (Fig. 4) The latency of benzoyl-CoA synthetase and of glycine N-acyltransferase to procedures which disrupt the mitochondrial inner membrane (sonication, freeze-thawing and lysis with Triton X-100) supports the conclusion of Gatley & Sherratt (1976) (Fig. 1) , even in the presence of carboxyatractyloside (Table 1) ; and by the effect of the latter compound on synthesis supported by exogenous ATP.
Rate-limiting step of hippurate synthesis
The activity of glycine N-acyltransferase under the conditions used (Table 4 ) was severalfold greater than that of benzoyl-CoA synthetase, or the maximum rate of hippurate synthesis (Fig. 1) . Although the physiological significance of enzyme activities measured in disrupted mitochondria may be uncertain because of ignorance about conditions in the matrix, it seems likely that benzoyl-CoA synthesis limits the rate of formation of hippurate. This is supported by the considerably lower concentration of benzoyl-CoA in mitochondria incubated with benzoate plus glycine compared with benzoate alone (Table 5) . A consequence of the decrease in matrix benzoyl-CoA is the fairly good agreement between measured and calculated ATP hydrolysis rates (Table 6 ), without correction for the rate in the absence of glycine; the rate of the benzoyl-CoA hydrolase reaction presumably decreases markedly with the concentration of benzoyl-CoA, indicating that the enzyme has a high Km for this substrate.
The Km of ox liver glycine N-acyltransferase for glycine is about 15mM (Schachter & Taggart, 1954; Killenberg et al., 1971) . This value, if assumed for the rat liver enzyme, contrasts with the results given in Fig. 2 , where hippurate synthesis reached a plateau with 5mM-glycine. Presumably this is because benzoyl-CoA is already being removed as rapidly as it can be synthesized. This is probably also true in vivo, since liver of starved rats contains 4.8 mmol of glycine/lOOg wet wt. of tissue [Leung, (1965) , cited by Young (1970) ], indicating a glycine concentration somewhat higher than 5 mM if it is distributed evenly.
Rephosphorylation ofAMPproduced during hippurate synthesis
The agreement between the measured rates of ATP hydrolysis (Table 4 ) and of 02 consumption (Fig. 3) and the values calculated from observed rates of hippurate synthesis demonstrate that AMP is rephosphorylated at the expense ofATP, rather than by GTP generated by substrate-level phosphorylation. Schnaitman & Greenawalt (1968) showed that the inner-membrane plus matrix fraction prepared by treatment with digitonin contained no adenylate kinase, but some 6 % of the total nucleoside diphosphate kinase. The latter enzyme, in concert with GTP-AMP phosphotransferase (EC 2.7.4 .10) may recycle AMP.
Cause of State-4 respiration In the presence of benzoate and glycine mitochondria consumed an additional quantity of 02, which was in good agreement with that necessary to support the observed rate ofhippurate synthesis (Fig.  3) . This is unlikely to be an artifact, since benzoate alone caused very little 02 uptake (Fig. 3) , since neither 5mM-glycine nor 1 mM-hippurate stimulated respiration, and since benzoate strongly inhibited increased respiration caused by pyruvate plus HC03- (Fig. 4) . These results strongly suggest that State-4 respiration is not used, at least under our conditions, for ATP synthesis. This does not contradict the suggestion of Nicholls (1974) that State-4 respiration is caused by dielectric breakdown of the inner mitochondrial membrane. According to this view, which is discussed in terms of the chemiosmotic hypothesis (Mitchell, 1966) , the membrane can be compared to a zener diode across which the respiratorychain, which behaves as an electrical cell, and adenosine triphosphatase (EC 3.6.1.4), which can be likened to an electrical load, are arranged in parallel. When the demand for ATP (i.e. the load) is high, as in State-3 respiration, the membrane potential (the voltage across the diode) will decrease, as shown experimentally by Nichols (1974) and by Mitchell & Moyle (1969) . However, with this model at small loads the resistance represented by adenosine triphosphatase will be high and the voltage across the diode will not decrease significantly, whereas extra current will be taken from the cell. In other words, respiration will increase in response to small demands for ATP, even though a large part of the 02 consumption is 'wasted' because of dielectric breakdown of the inner membrane.
Remaining problems
The mechanism of inhibition of ATP-supported hippurate synthesis by inhibitors of the respiratory chain and of the tricarboxylic acid cycle remains to be explained. However, the effect of rotenone was much less in the absence of oligomycin, which itself was not inhibitory (Table 1) . One possible explanation is that the membrane potential (or other high-energy intermediate ofoxidative phosphorylation), which can be generated either by respiration or by ATP hydrolysis is necessary for maximum synthesis of hippurate. If this is so, the effect appears not to be on transport of glycine or of benzoate, since increased concentrations of these did not stimulate synthesis in the presence of rotenone plus oligomycin (Fig. 2) . Another possibility is that the intramitochondrial pH is lowered because of inhibition of respiration, and that this decreases the activity of benzoyl-CoA synthetase, which limits the rate of synthesis of hippurate (see above). The present work, with that of Gatley & Sherratt (1976) , supports the suggestion that hippurate is synthesized by the set ofreactions shown in Scheme 1. Because of the pH gradient across the inner membrane, benzoate accumulates (Gatley & Sherratt, 1976) , and acylates CoA, forming benzoyl-CoA while ATP is hydrolysed to AMP and PPI. Inorganic pyrophosphatase (EC 3.6.1.1) hydrolyses the PP1 to P;. AMP is rephosphorylated to ADP at the expense of GTP, and the resulting GDP is rephosphorylated by ATP. Thus for every molecule of benzoyl-CoA synthesized, two molecules of ATP are hydrolysed to ADP, which can exchange for exogenous ATP, if this is present, or be phosphorylated by the respiratorychain-linked adenosine triphosphatase (EC 3.6.1.3). Benzoyl-CoA reacts with glycine, which freely crosses the inner membrane (Gatley & Sherratt, 1976) , to form hippurate, which probably leaves the mitochondrion as the undissociated acid. In addition, but not shown in Scheme 1, there is a benzoyl-CoA hydrolase of high K,, the function of which is probably to prevent acylation of the total mitochondrial CoA if insufficient glycine is available for conjugation.
